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Circadian rhythms: Something to cry about?
Robert J. Lucas and Russell G. Foster
Recent studies suggest that a class of proteins known
as cryptochromes have an evolutionarily conserved role
in the entrainment of circadian rhythms to the
night–day cycle. While the evidence reported is
intriguing, the notion that cryptochromes have the same
role in all species requires further investigation.
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Circadian clocks are an influential component of the living
world. These endogenous clocks drive 24 hour rhythms in
physiology and behavior, and are instrumental in enabling
organisms to adapt to the varying demands of the solar
cycle. In order for circadian clocks to provide useful
temporal information, however, they must be synchronised,
or entrained, with the external solar cycle (Figure 1a). The
primary entraining agent for circadian clocks is light. After a
long flight across multiple time zones, for example, our
body clock is initially out of phase with the night–day cycle
where we arrive, which can cause ‘jet lag’; but exposure to
light when our body clock expects darkness resynchronizes
our internal clock with local time, thereby overcoming jet
lag in a process known as ‘photoentrainment’.
Researchers working on mechanisms of photoentrainment
have begun to investigate which photopigments are
involved. It is becoming apparent that the specific sensory
demands of photoentrainment have led to the evolution of
specialised photoreceptor systems. In both vertebrate and
invertebrate animals, the loss of classical visual photo-
receptors does not abolish photoentrainment. In
mammals, for example, genetic ablation of rod and/or cone
photoreceptors does not block the effects of light on the
circadian clock, although complete eye removal does [1].
At present, the identity of the putative ‘circadian photo-
receptors’ remains unknown, so recent reports [2–5] sug-
gesting that a group of light-absorbing proteins known as
cryptochromes might mediate photoentrainment in three
phylogenetically diverse species — the plant Arabidopsis,
the fruitfly Drosophila and the mouse — have met with a
great deal of interest. As we shall discuss, however, the
jury is still out on the question of whether cryptochromes
really are the elusive circadian photoreceptors.
Cryptochromes 
Despite their common name, the cryptochrome proteins
found in mammals, Drosophila and higher plants are fairly
distantly related members of a family of proteins domi-
nated by the photolyases [3,6]. The photolyases are known
to mediate blue-light-dependent repair of damaged 
DNA and, until recently, the only members of the pho-
tolyase/cryptochrome family thought to have a function
other than DNA repair were the cryptochromes of higher
plants. These plant cryptochromes are closely related to
one another and have previously been implicated in devel-
opmental and physiological responses to light.
Explicit speculation that members of the cryptochrome/
photolyase family might also have a role in circadian
photoentrainment began with the discovery in humans
and mice of genes encoding two photolyase-like proteins,
termed cryptochromes 1 and 2. These proteins lack DNA
repair activity, and so were assumed to have a photo-
pigment function [7]. The homologous mouse genes,
mCry1 and mCry2, were found to be expressed in a variety
of neural and non-neural tissues, but it was their expres-
sion within the inner retina that led to the suggestion that
cryptochromes mediate photoentrainment in mammals [8]. 
Mutants and knockouts
To investigate whether the cryptochromes really do
have a circadian function, researchers working on the
mouse [5], Drosophila [4] and Arabidopsis [2] have exam-
ined the effects of genetic ablation of cryptochrome-like
proteins on photoentrainment. The cryptochrome genes
that have been examined in this way include both Ara-
bidopsis cryptochrome genes, cry1 and cry2, the newly
discovered Drosophila gene dcry, and the mouse gene
mCry2 (but not mCry1).
The first important observation to emerge from these
studies is that in no case does genetic ablation of crypto-
chrome proteins abolish photoentrainment. So crypto-
chrome proteins do not form an essential component of
the photoentrainment pathway in any of the species
examined. These results are thus inconsistent with the
hypothesis that cryptochromes form the sole circadian
photopigment. This does not, however, preclude their
involvement in circadian photoreception at some level.
One can easily generate a model of photoentrainment in
which multiple, parallel photoreceptive inputs are
employed (Figure 1b). In this case, photoentrainment
would survive the loss of any single photoreceptor class.
So, what evidence do we have that cryptochrome-based
photoreceptors provide one of several photoreceptive
inputs to the circadian clock? Researchers working with
different model species have taken different approaches
to this question. 
Drosophila: combined lesions of parallel pathways
In some ways, the most straightforward approach is that
taken with Drosophila [4]. Previous studies had suggested
that visual photoreceptors play a role in the photoentrain-
ment of circadian behaviour in fruitflies. In view of this, it
was suggested that visual and cryptochrome-based photo-
receptors might be components of parallel light-input
pathways. To address this possibility, Stanewsky et al. [4]
crossed the cryptochrome mutant (cryb) strain with flies
bearing a mutational lesion of visual photoreception
(norpA). The results indicated that the cryb norpA double-
mutant flies are less capable of photoentrainment than
either of the single mutant strains.
This finding supports the view that both classical visual
and cryptochrome-based photoreceptors provide light
information for the circadian system. But despite lacking
both photoreceptor types, cryb norpA double-mutant flies
do remain capable of photoentrainment, suggesting that
additional, as yet unidentified photoreceptors contribute
to the response. Detailed examination of the residual
photosensitivity in these double-mutant flies will thus be
required before we can be satisfied that we have a com-
plete picture of circadian photoreception in this species.
Arabidopsis: changes in spectral sensitivity
Somers et al. [2], working with Arabidopsis, predicted that
different photoreceptors might mediate circadian responses
at different wavelengths and irradiances of light. To test
this idea, they used plants bearing single genetic lesions of
each of four candidate photoreceptors: phytochromes A and
B (phyA and phyB) and cryptochromes 1 and 2 (cry1 and
cry2). The effects of these lesions on the irradiance-depen-
dent decrease in circadian period of plants exposed to con-
stant blue or red light were assessed. Although the effects
were not pronounced in all cases, the results are consistent
with the hypothesis that the four photopigments — the two
phytochromes and the two cryptochromes — combine to
mediate photoentrainment.
Mice: pleiotropic effects
The approach taken with mice was to examine the circadian
phenotype of the mCry2 knockout animals in a search for the
sort of pleiotropic effects one might associate with removal
of a critical input to the clock. Thresher et al. [5] observed
several abnormalities in mCry2-deficient mice: changes in
the expression dynamics of the putative clock gene mper1 in
the suprachiasmatic nucleus (SCN), the site of the primary
circadian pacemaker in mammals; a shortened circadian
period; and an increase in the amplitude of light-induced
phase shifts. On the basis of these observations, Thresher
et al. [5] hypothesised that mCry2 provides one of several
photoreceptive inputs to the mammalian circadian system.
The major problem with this conclusion is that, while the
reported observations [5] do provide evidence that mCry2
has a role in circadian organisation, they do not specifically
link this gene to the light input pathway. Given the large
number of tissues in which mCry2 is expressed [8], includ-
ing the brain and perhaps the SCN, it is possible that
mCry2 performs some other role in the maintenance and/or
development of the clock itself. Indeed, the results with
Drosophila provide some support for the view that crypto-
chromes are more than just circadian photoreceptors [3,4]. 
The second problem associated with this approach is that
it invokes a complex, currently unproven, model to link
ablation of circadian photoreceptors with gross changes in
circadian phenotype. A cautionary tale should be consid-
ered. In an attempt to assess the role of rod photoreceptors
in circadian entrainment in mice, we have previously
examined the effects of rod loss using two genetic lesions,
the rd mutation and the rdta transgene [9]. The rd muta-
tion causes a gradual degeneration of rod photoreceptors
over the first few weeks of life, while the rdta transgene
ablates rods early in development. While the circadian
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Figure 1
(a) For many years, a general model of circadian rhythmicity has been
accepted, in which the circadian system is split into three components.
At the centre is an oscillator responsible for generating an
approximately 24 hour rhythm. This circadian clock retains synchrony
(entrainment) with the external solar cycle through environmental inputs
and transmits temporal information to distant physiological and
behavioral systems through dedicated output pathways. (b) The most
important environmental input to the circadian clock is light. At present,
the nature of the photoreceptors responsible for transducing photic
information to the clock is unknown. Recent data from studies with
Drosophila, Arabidopsis and mice suggest that cryptochrome-type
photopigments may represent one of several parallel light input
pathways. Other photoreceptive inputs may include additional novel
photoreceptor types and/or the well-characterized visual
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phenotype of rd mutant mice is indistinguishable from
wild type, rdta mice exhibit a variety of pleiotropic effects
on the circadian phenotype, similar to those reported for
the mCry2 knockout mice. 
Comparison of rd and rdta mice indicates that the
pleiotropic effects in the latter are an artifact of the
manner and/or timing of rod loss, rather than the absence
of rod photoreceptors per se. Further evidence suggests
that the function and organisation of the retina, and in par-
ticular the retinal ganglion cells that form the optic nerve
and retino-hypothalamic tract, may be affected by the
transgenic lesion in rdta mice. The comparison of rd and
rdta mice shows that, while rod photoreceptors are clearly
important in the development of the circadian system, the
influence could be very oblique. The pleiotropic effects of
the rdta lesion do not necessarily imply that rods provide a
direct photoreceptive input to the clock.
A missing piece of the puzzle?
The effects of genetic ablation of cryptochrome proteins
in mice, Drosophila and Arabidopsis provide some support
for the view that these proteins contribute to the process
of photoentrainment. However, this falls short of identi-
fying cryptochromes as circadian photopigments. In order
to justify this further conclusion, a demonstration that the
function of cryptochromes is directly related to their
light-absorbing properties is required. At present, the
data are consistent with a variety of roles for crypto-
chromes in the development, maintenance or activity of
the light input pathway.
The most compelling indication that cryptochromes really
are circadian photopigments would be a close match
between their absorption spectra and changes in the 
spectral sensitivity of photoentrainment in cryptochrome
mutants (Figure 2). In simplistic terms, cryptochrome
proteins are thought to absorb blue and near-UV light
(<500 nm), and it would be useful to know if organisms
lacking cryptochromes show specifically reduced sensi-
tivity at these wavelengths. In Arabidopsis, the responses
of cry1 and cry2 mutants to blue light (400–500 nm) were
specifically assessed by Somers et al. [2], who found that
cry1 mutants in particular showed some reduced sensitiv-
ity at these wavelengths. But the responsiveness of these
mutants to other parts of the spectrum were not
reported, and it may be that these effects are not specific
to blue light. 
In the case of mice and Drosophila, the spectral sensitivi-
ties of the cryptochrome mutants were not examined at
all. This omission raises particular concern in these
species, in which there is no corroborating evidence that
cryptochromes are capable of acting as photopigments
under any circumstances. The action of these proteins in
animals may yet prove to be unrelated to their light-
absorbing properties. Indeed, a recent paper [10] has sug-
gested that cryptochromes might perform a housekeeping
function in mammals. 
The discovery and study of cryptochrome-type proteins in
mice, Drosophila and Arabidopsis has provided evidence that
these related proteins are involved in circadian rhythmicity
in phylogenetically diverse organisms. This raises the excit-
ing possibility that cryptochromes provide a molecular link
between mechanisms of circadian rhythmicity throughout
the living world. But the precise role of the proteins in each
of the species examined remains uncertain, and the attrac-
tive notion that they represent a ‘universal’ entraining
photopigment remains unproven.
Figure 2
The classical method of assigning
photoreceptors to a defined biological
function is by matching the absorption
spectrum of the candidate photopigment with
the action spectrum of the biological
response. (a) In this depiction, the action
spectrum of photoentrainment (solid red line)
is a function of the absorbance spectra of two
photopigments (dotted black lines).
(b) Genetic ablation of one of the



























1. Foster RG: Shedding light on the biological clock. Neuron 1998,
20:829-832.
2. Somers D, Devlin P, Kay S: Phytochromes and cryptochromes in
the entrainment of the Arabidopsis circadian clock. Science 1998,
282:1488-1490.
3. Emery P, So W, Kaneko M, Hall J, Rosbash M: CRY, a Drosophila
clock and light-regulated cryptochrome, is a major contributor to
circadian rhythm resetting and photosensitivity. Cell 1998,
95:669-679.
4. Stanewsky R, Kaneko M, Emery P, Beretta B, Wager-Smith K, Kay S,
Rosbash M, Hall J: The cryb mutation identifies cryptochrome as a
circadian photoreceptor in Drosophila. Cell 1998, 95:681-692.
5. Thresher R, Hotz Vitaterna M, Miyamoto Y, Kazantsev A, Hsu D, Petit
C, Selby C, Dawut L, Smithies O, Takahashi J, Sancar A: Role of
mouse cryptochrome blue-light photoreceptor in circadian
responses. Science 1998, 282:1490-1494.
6. Lucas RJ, Foster RG: Photoentrainment in mammals: a role for
cryptochrome? J Biol Rhyth 1999, 14:4-9.
7. Hsu DS, Zhao X, Zhao S, Kazantsev A, Wang R-P, Todo T, Wei Y-F,
Sancar A: Putative human blue-light photoreceptors hCRY1 and
hCRY2 are flavoproteins. Biochemistry 1996, 35:13871-13877.
8. Miyamoto Y, Sancar A: Vitamin B2-based blue-light
photoreceptors in the retinohypothalamic tract as the photoactive
pigments for setting the circadian clock in mammals. Proc Natl
Acad Sci USA 1998, 95:6097-6102.
9. Lupi D, Cooper H, Froehlich A, Standford L, McCall M, Foster R:
Transgenic ablation of rod photoreceptors alters the circadian
phenotype of mice. Neuroscience 1999, 89:363-374.
10. Kobayashi K, Kanno S-i, Smit B, van der Horst G T J, Takao M, Yasui
A: Characterization of photolyase/blue-light receptor homologs in
mouse and human cells. Nucleic Acids Res 1998, 26:5086-5092.
Dispatch R217
